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We investigate pure spin pumping in graphene by imposing a ferromagnet (F) with rotating mag-
netization on top of it. Using the generalized scattering approach for adiabatic spin pumping, we
obtain the spin current pumped through magnetic graphene to a neighboring normal (N) region.
The spin current can be easily controlled by gate voltages and under certain conditions, becomes
sufficiently large to be measurable in current experimental setups. In fact it reaches a maximum
value when one of the spins are completely filtered due to the vanishing density of states of the
corresponding spin species in the ferromagnetic part. Considering an N|F|N structure with a finite
ferromagnetic region, it is found that in contrast to the metallic ferromagnetic materials the trans-
verse spin coherence length can be comparable to the length of F denoted by L. Subsequently, due
to the quantum interferences, the spin current becomes oscillatory function of JL/~vF in which J is
the spin splitting inside F. Finally we show, originated from the controllability of pumped spin into
two different normal sides, a profound spin battery effect can be seen in the hybrid N|F|N device.
I. INTRODUCTION
One of the important goals and challenges of spintron-
ics is the generation and sensing of spin current. During
the last decades, several ways have been proposed and
implemented to generate spin current such as electrical
spin injection,1–4 optical methods,5 spin hall effect,6–10
etc. In most of these approaches, spin injection is associ-
ated with a dissipative charge current which strongly af-
fects the functionality of any spintronic device. Neverthe-
less the demand of pure spin generation (without charge
current) is increased a lot by promising opportunities in-
troduced by effects like spin wave motion in magnetic
insulators,11 and spin Seebeck effects in the so-called spin
caloritronic systems.12,13 Intriguingly the so called spin
pumping provides a unique possibility of generating dis-
sipationless spin currents without any external bias in
metallic systems. Considering a precessing ferromagnet in
an externally applied magnetic field, a pure spin current
will be pumped into the adjacent normal metal.14–16 Spin
pumping in this way originates from the lose of angular
momentum inside the ferromagnet and in this regard, the
spin pumping by precessing ferromagnet can be assumed
as the reverse process of the so-called spin transfer torque
effect (STT).17,18An immediate result of this reciprocity
relation between spin pumping and STT is the fact that
the spin pumping is accompanied by the enhancement of
the so-called Gilbert damping.19,20 In recent years vari-
ous applications in nanoelectronics have been suggested
for spin pumping, in which among them the spin battery
effect has received a considerable attention.21
During last years, graphene, as a leading material
among atomic monolayers has received a tremendous
amount of interest mostly due to its very special
electronic structure described by the massless Dirac
model.22,23 At the same time a diverse variety of appli-
cations in chemistry, electronics, optics and other indus-
tries have been suggested for it.24–26 Intriguingly, beside
other applications recently graphene has found promis-
ing applications in spintronics,27 due to the very long
spin relaxation length.28–32 On the other hand a variety
of methods have been proposed to induce magnetism or
spin splitting in graphene. In practice one may put an
insulating ferromagnetic on top of graphene33 or, alterna-
tively, add magnetic impurities and adatoms to generate
spin imbalance.34 In addition it is believed that under
certain conditions intrinsic magnetism may be generated
due the edges or defects in it (see Ref. 35 for magnetism in
graphene). Interestingly, the spin splitting in graphene if
becomes large enough and comparable with Fermi energy
of the system with respect to the Dirac point, leads to
interesting effects including spin focusing36 among other
spin dependent transport features.37,38
In recent years, both electrical spin injection28–30
and adiabatic spin pumping by exerting an AC gate
voltage39 have been theoretically and experimentally
studied in graphene. All these studies which take the
advantage of ferromagnetic proximity effect, are associ-
ated with charge currents. Subsequently the efficiency of
the pumped spin current is relatively small due to the
conductance mismatch problem. To overcome this issue
it has been suggested to use tunnel barriers resulting in
higher efficiencies.40 Very recently, the dynamical pure
spin pumping approach (which is free of conductance
mismatch) to generate pure spin currents in monolayer
graphene has attracted significant attention.41–43
In this paper the possibility of pure spin pumping in
graphene is investigated by considering a ferromagnetic
insulator on top of it with rotating magnetization which
induces an exchange splitting.44 We employ the general-
ized form of Brouwer’s formula for adiabatic parametric
pumping,45 provided by Tserkovnyak et al.14 in order to
include spin degree of freedom for our calculations. First,
the effect of electron concentration which can be varied
by gate voltages, on pure spin pumping in an F|N struc-
ture is investigated. We find that the resulting spin cur-
rent can have a considerable value which is measurable
in the currently available experiments (for instance see
Ref. 41–43 which measure enhanced Gilbert damping).
The spin pumping is very efficient when µF = ±J (µN,F
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2are the chemical potentials of N an F parts, respectively)
and becomes more profound by increasing µN . This en-
hancement comes from the fact that up and down spin
species pass through the Dirac point when |µF | = J , re-
spectively. We also appraise an N|F|N structure in or-
der to explore the effect of length of ferromagnetic re-
gion on the spin pumping. In contrast to the metallic
ferromagnets,17 here the transverse spin coherence length
dF = pi/ (kF↑ − kF↓) [where kF↑(kF↓) is Fermi wave vec-
tor for spin-up (down)] is found to be comparable to the
length of ferromagnetic region and is tunable by the ex-
change splitting J . Since we assume the ballistic trans-
port regime the successive scatterings from two N/F in-
terfaces results in the quantum interference effects which
leads to oscillations of the spin pumping with both length
of F and the spin splitting. Unlike the conventional metal-
lic systems the tunability of doping in graphene provides
the unique possibility of having very different spin cur-
rents injected into two normal leads by varying the cor-
responding gate voltages. The difference could be very
large when one of the leads has very low charge carri-
ers density and the spin splitting lies in certain ranges.
Therefore the N|F|N structure can work as a spin battery
with controllable polarization and power.
II. THE MODEL AND BASIC FORMALISM
The prototype setup for spin pumping consists of a fer-
romagnetic region sandwiched between two normal parts.
All transport properties of such a system in the ballistic
regime can be fully described versus its scattering matrix,
Sˆ =
(
rˆ tˆ′
tˆ rˆ′
)
(1)
in which rˆ and tˆ are reflection and transmission matrices
for the incoming electrons from left and rˆ′ and tˆ′ are cor-
responding matrices for the electrons incident from right.
In the absence of voltage bias and magnetization dynam-
ics, there will be no net charge and spin currents. When
the magnetization vectorM starts to precess then a pure
spin current without any charge pumping will be gener-
ated. The pumped spin current contains both d.c. and
a.c. components which in the adiabatic limit are propor-
tional to the precession frequency ω. Here, we consider
the magnetization vector rotates around y-axis in the xz-
plane. Then the d.c. part of the pumped spin current in
the y-direction (perpendicular to the magnetization pre-
cession plane) through the normal region is given by,14
Is =
~ω
4pi
Re(g↑↓ − t↑↓)yˆ. (2)
where g↑↓ = N − Tr(rˆ↑rˆ↓†) is the mixing conductance
and t↑↓ = Tr(tˆ′
↑
tˆ′
↓†
). The matrices rˆs and tˆ′
s
describe
the reflection and transmission of spin s electrons which
are scattered to the left part of the scattering region.
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Figure 1. Schematic graphene based spin pumping devices:
(a) F|N, (b) N|F|N structure. The magnetization rotates
around static magnetic field which is in y direction. The blue
arrows show the pumped spin current.
The low energy dispersion in the ferromagnetic mono-
layer graphene is describe by the Dirac Hamiltonian
H = ~vF (k · σˆ ⊗ sˆ0)− Jσˆ0 ⊗ sˆz + µF (3)
Here k = (kx, ky) is the momentum of
quasiparticles,vF ≈ 106m/s is the Fermi velocity.
Matrices σˆi and sˆi (i = 0, 1, 2) are the Pauli matrices
in the so-called pseudospin and spin subspaces, respec-
tively. Moreover J denotes the strength of exchange
field induced by a ferromagnetic insulator and µF is the
chemical potential which can be varied by gate voltages.
We consider two different setups as shown in Fig. 1.
The first device contains only one F/N interface and we
will study the pumped spin current from magnetic region
to normal region. But the second one consists of a finite
magnetic region joined to two normal parts. So in this
case the spin current will be pumped into two different N
regions. In both cases by exerting a large static magnetic
field in the y direction beside an oscillating rf part in the
perpendicular plane, the magnetization vector of the fer-
romagnetic insulator starts to precess. Then a precessing
exchange field will be induced in the monolayer graphene
where the exchange strength is independent of the rota-
tion angle.44 So the rotating magnetization solely lift the
degeneracy of up and down spins.
A. N|F structure
In order to obtain the pumped spin current into the
normal region for the N|F structure as in Fig.1(a), we
need the scattering properties of the interface. Assuming
an electron incident from N to F part, the scattering wave
3function in two regions reads,
ψsN =
1√
cosα
(
χssgn(µN )e
−iα
χs
)
eikxx
+
rs√
cosα
( −χssgn(µN )eiα
χs
)
e−ikxx (4)
ψsF =
ts√
cosβs
(
χssgn(µF − sJ)e−iβs
χs
)
eik
′
xsx
with the spinors χ†↑ = (1, 0) and χ
†
↓ = (0, 1). The incident
and transmitted electron angles are α = arctan(ky/kx)
and βσ = arctan(ky/k′xs), respectively, in which kx =√
(µN/~vF )2 − k2y and k′xs =
√
(µF − sJ)2/(~vF )2 − k2y
indicate the longitudinal momentum of excitations inside
N and F parts. The transmission and reflection coeffi-
cients can be calculated by writing the wave functions in
N and F regions and imposing the boundary conditions
on them. Since only the reflection coefficients insert the
mixing conductance we only write the result for rs. De-
pending on the transverse momentum ky of the incident
electron, the corresponding state inside the F region can
be propagating (if |ky| < (µF + sJ)/~vF ) or evanescent
(if |ky| > (µF + sJ)/~vF ). For the propagating case the
reflection amplitude has an absolute value of less than
one given by,
rs =
−sgn(µF − sJ) + sgn(µN )e−i(α−βs)
sgn(µF − sJ) + sgn(µN )ei(α+βs) . (5)
But if the state becomes evanescent inside F then the
electron is completely reflected with,
rs =
−i sgn(µF − sJ)e−sgn(ky)φs − e−i α sgn(µN )
i sgn(µF − sJ)e−sgn(ky)φs − ei α sgn(µN )
(6)
φs = cosh
−1
(
~vF ky
|µF − sJ |
)
. (7)
For the pumped current we need to find the transmission
amplitudes from F to N as well. This can be done by
assuming scattering state with electron incident from F
to the interface which reads,
t′s =
√
cosα
(
1 + e2iβs
)
sgn(µF − sJ)√
cosβs
(
sgn(µF − sJ) + ei(α+βs)sgn(µN )
) (8)
B. N|F|N structure
Unlike conventional ferromagnetic metals in which the
magnetic coherence length is on the order of atomic dis-
tances, in the system under study it is possible to have
large dF . For instance assuming spin splitting J varying
from 10 to 100 meV, the corresponding transverse spin co-
herence length dF = pi~vF /J varies approximately from
50 to 5nm. Therefore we may expect strong quantum in-
terference effects when the length of the finite magnetic
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Figure 2. Pumped spin current into the normal region as a
function of gate voltages applied to the N (µN ) and F (µF )
regions. The strength of spin splitting is J = 20meV and we
have considered a graphene sheet of width W = 2µm.
region L is comparable with dF . Similar to the previous
setup here we can write down the scattering state in the
most general form as below,
ψsN1 =
zL√
cosα
(
χssgn(µN )e
−iα
χs
)
eikxx (9)
+
zLr
s + zRt
′s
√
cosα
( −χssgn(µN )eiα
χs
)
e−ikxx
ψsF =
A√
cosβs
( −χssgn(µF − sJ)eiβs
χs
)
e−ikxx
+
B√
cosβs
(
χssgn(µF − sJ)e−iβs
χs
)
e−ikxx
ψsN2 =
zRr
′s + zLts√
cosα
(
χssgn(µN )e
−iα
χs
)
eikxx
+
zR√
cosα
( −χssgn(µN )eiα
χs
)
e−ikxx
where for the case of electron incident from left (right)
N region, zL = 1, zR = 0 (zL = 0, zR = 1). Then we
obtain the needed scattering coefficients rs and t′s for
calculating the spin current pumped to left normal region.
III. NUMERICAL RESULTS AND DISCUSSION
A. N|F structure
First the pumped spin current for the N|F system is cal-
culated numerically as a function of doping of the N and F
regions (µN and µF ). Figure 2 shows the spin pumping
variation with both gate voltages for the spin splitting
J = 20meV where we see that inside the region given
by |µN | < ||µF | − J | the spin pumping is strongly sup-
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Figure 3. Spin current variation with (a) µF and (b) µN for
various spin splittings. I each plot the doping of the other lead
is fixed to (a) µN = 0.1eV and (b) µF = 0.1eV. The width of
the whole graphene sheet is W = 2µm.
pressed. This region corresponds to the situation where
the Fermi levels of both spin subbands measured from
Dirac point are higher than normal region’s Fermi level.
Therefore any incident electron from normal region has
a finite probability of transmission inside the F part ir-
respective of its spin. Accordingly the spin splitting does
not play an important role and the spin pumping is al-
most absent.
It is clear that due to the electron-hole symmetry of
the graphene band structure, any transport property in-
cluding the spin pumping must not change under simulta-
neous substitutions µN → −µN and µF → −µF . Based
on this and for the sake of clarity we focus only on the
situations with µF > 0 for the rest of our discussion.
Then the spin pumping is finite when the Fermi level
inside the normal region becomes larger than minority
spin Fermi level inside F (|µN | > |µF − J |). The origin
of spin pumping in this regime can be related to the fact
that only one spin species can participate in the trans-
port, a phenomenon which we call it spin filtering at the
N|F interface. This effect occurs for the range of modes
|µF − J | < ~vF |ky| < |µN | in which there is no spin
down state inside F region. So the down spins of such
modes can only be reflected to the normal side (|r↓| = 1)
and subsequently each of them contributes at least an
amount proportional to 1− |r↑|) in the pumped spin cur-
rent. It is worth to note that the absence of spin filtering
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Figure 4. Illustration of mixing transmission t↑↓ as a function
of length of the ferromagnetic region for different amounts of
Fermi energy (gate voltage). It has a finite considerable value
up to the length of the order of µm and oscillates over the
magnetic coherence length. Inset shows pumped spin current
Ipumps,N1 versus the length of F region. Other parameters are
chosen as follow: µN1 = µN2 = 0.1eV, W = 1µm and J =
10meV
when |µN | < |µF − J | can explain the suppression of
spin pumping for that regime. The spin pumping reaches
maximum values for µF = J when the Fermi level of mi-
nority (down) spins lies in the Dirac point. Then only
majority spins can be transmitted to the ferromagnetic
part and spin filtering occurs for the whole range of in-
coming electrons from N region (~vF |ky| < |µN |). We
should mention that since the doping µF can be varied
by applying a gate voltage, the amount of pumped spin
can be controlled electronically to reach the maximum
spin current.
In order to see the effect of spin splitting J more clearly
in the spin pumping, Fig. 3 shows the variation of Is
with normal and ferromagnetic regions doping for vari-
ous J . It is obvious from these plots that the maximum
spin pumping occurs for |µF | = J where one of the spins
are completely blocked since the Fermi level passes from
Dirac point of the corresponding spin subband. But as
a function of normal electrode doping µN pumped spin
current increases almost linearly due to the increase in
the density of states (DOS). In addition we see an asym-
metry with respect to positive and negative dopings of
N or F region when the doping inside the other part is
fixed. This originates from the fact that spin minority
(with smaller DOS) electrons have to pass a barrier of
either n− n (p− p) or n− p type. This can be seen from
Fig. 2 as well where in general spin pumping is stronger
when the type of carriers in both sides (N and F) is of
the same type (n or p).
50 0.02 0.04 0.06 0.08 0.1
J(eV)
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
µ
F
(e
V
)
Is(h¯ω/4pi
2)
0
200
400
600
Figure 5. Contour plot of spin pumping Ipumps,N1 as a function
of exchange field strength J and the doping µF . The pumped
spin is an oscillatory function of J with the period of piL/~vF .
The amplitude of spin current varies with µF and also a phase
shift takes place in the oscillation over the region defined by
|µF | < J . Other parameters are chosen as W = 2µm, µN1 =
µN2 = 0.2eV and L = 100nm
B. N|F|N structure
Now we turn to the N|F|N device with a finite-length
magnetic region. As we mentioned before in this config-
uration the quantum interference can take place which
results in the oscillatory behavior of the transport phe-
nomena with the length of F region scaled by the mag-
netic coherence length dF . In fact both mixing conduc-
tance and mixing transmission will oscillate as a func-
tion of ∼ JL/~vF . Figure 4 shows the variation of t↑↓
with the F region length L which indicates the oscilla-
tory behavior beside an overall decline so that for very
long ferromagnetic part (L  dF ), the mixing transmis-
sion diminishes. Nevertheless for reasonable lengths up
to a micron we see t↑↓ is still finite assuming J ∼ 10meV
which can be achieved using a magnetic insulator layer
on top of graphene or by Zeeman effect. This is a very
special property of the spin pumping device we proposed
here in contrast to conventional ferromagnetic spin pump-
ing systems with large J and very small dF so that the
mixing transmission is negligible. As indicated in the in-
set of Fig. 4, the spin pumping itself oscillates with L
while the variation of doping µF only influences the am-
plitude of oscillations in spin current.
The behavior discussed above can also been observed
from Fig. 5 more clearly where we have contour plot re-
vealing the dependence of the spin pumping on the spin
splitting J and the doping µF . It shows that although
the oscillations has the certain period of ∆J ∼ 2pi~vF /L
however they suffer from a phase shift inside a certain
region of the two dimensional plane of parameters J, µF .
This region can be defined more precisely by |µF | < J
in which the carriers type inside the ferromagnet differs
for two spin subbands, but outside this region both up
and down spins are from either conduction or valence
band. As a result when |µF | < J the minority (majority)
spins feel an npn (nn′n) barrier while for larger dopings
|µF | > J both spin carriers feel the same type of the bar-
riers during transmission through the ferromagnetic part.
This influences the phases in the electrons transmissions
and reflections due the chiral characteristics of electrons
in graphene, which leads to an almost pi shift in the os-
cillations inside |µF | < J with respect to the regions out-
side. Due to this pi shift, depending on the values of spin
splitting J , the spin pumping current can show different
behaviors as a function of doping µF . For lower values of
J the doping assists the spin pumping however at higher
J depending on the exact value the spin pumping can
be decreased or increased as a function of the doping of
magnetic region. At the end it should be mentioned that
similar to N|F system, the amount of pumped spin differs
upon changing the sign of the doping µF . In fact when
the ferromagnetic region’s doping is the same as two N
parts the spin pumping is more efficient than the situa-
tions where the doping of the ferromagnet is different.
It is mentioned couples of times that spin pumping can
be easily controlled by gate voltage in graphene. There-
fore one may expect to have different amount of spin
currents pumped into two normal regions in the N|F|N
structure. Figure 6 shows the variation of pumped spin
to the first normal lead (Is,N1) with the doping of two
N electrodes for two different J = 10, 40meV. In both
cases we see that except at the vicinity of low doping
µN2, Is,N1 only depends on the doping of N1 electrode.
This means varying the doping of any of electrodes has
no effect on the spin pumping to the other N electrode, at
higher dopings µN2 & ||µF | − J |. At this regime the spin
pumping into the two different N electrodes are almost
independent of each other and can be controlled, sepa-
rately. Then the dependence of spin current pumped into
each N region on its doping reveals almost similar behav-
ior as F|N system. So by increasing the doping |µN1|, the
corresponding Is,N1 also increases and there is a region
around µN1 = 0 which due to the absence of spin filtering
the spin pumping is suppressed. On the other hand when
the doping of the second normal lead is low, it influences
the spin pumping to the first one which depending on the
value of J (or equivalently L), it’s effect can be construc-
tive or destructive. We see that when µN2 ∼ 0, the spin
pumping Is,N1 is absent for J = 10meV (Fig. 6a), while
for J = 40meV (Fig. 6b) the pumped spin current is even
enhanced. Intriguingly this reduction or enhancement of
spin pumping caused by the doping of second lead is al-
most independent of doping amount of the first electrode.
An intriguing feature of results in Fig. 6 is their asym-
metry with respect to interchange of µN1 and µN2 which
is very profound when one of the dopings is very small
in the right panel with J = 40meV. This asymmetry can
be interpreted as difference in the spin current pumped
into two different normal leads, since the amount of Is,N1
when we interchange the dopings is exactly the same as
Is,N2 with original dopings. Therefore in our N|F|N de-
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Figure 6. Pumped spin current as a function of gate voltages
on N1 and N2 regions for (a) J = 10meV, (b) J = 40meV.
Other parameter are chosen as µF = 20meV, L = 50nm,W =
1µm.
vice by tuning the dopings to be different inside two nor-
mal electrodes the so-called spin battery effect can be
arisen. Moreover by fine tuning the length of the ferro-
magnet or the spin splitting J , we can reach the regime
in which low doping of N2 leads to enhancement in Is,N1
and vice versa. Subsequently we can have maximum spin
battery effect by choosing right values of J and L when
one of the dopings is very low.
It worths to comment on the possible experimental real-
ization of the results presented here. We have investigated
the effect of different doping in different parts as well as
the roles of spin splitting strength and the geometry on
spin pumping by rotating magnetization which needs to
be verified in experiments. Already spin injection and
spin valve effects have been observed in graphene based
devices. In addition, very recently, dynamical spin pump-
ing has been reported by Tang et al.42 which suggest
the devices we have studied here can be implemented in
real experiments. Here we have considered systems with
widths and lengths up to micron size which lead to spin
currents as large as thousands of ~ω with ω indicating the
frequency of magnetization precession. Since we are deal-
ing with metallic system the pumped spin current could
be measured via inverse spin Hall effect (ISHE) which re-
sults in charge currents up to IISHE ∼ 103eω. This means
assuming the experimentally available gigahertz regime
(ω ∼ 109s−1) the resulted charge current due to ISHE
can reach ∼ 0.1µA which can be easily measured.
Finally it must be emphasized that we focus on ballis-
tic transport regime and some of the results we predict
especially those related to quantum interference effects
may only be seen in very clean samples. Nevertheless we
believe some of the features related to the energy scales
like doping and spin splitting are very general irrespec-
tive of transport regime. In particular even in the diffu-
sive regime one must see qualitatively the same behavior
of spin pumping as presented in Figs. 1 and 2, since the
proposed spin filtering mechanism only depends on the
band structure properties.
IV. CONCLUSION
In conclusion, we investigate the spin pumping in
graphene-based ballistic normal/ferromagnet (N/F) con-
tacts via the rotating magnetization induced inside F
region. We have employed the scattering theory frame-
work for spin pumping to obtain the DC component of
adiabatically pumped spin current. It is shown that the
spin current can be suppressed or become significant as
a function of doping in N and F regions. In particular
the maximum spin current is achieved for |µF | = J when
density of states for one of the spin species vanishes at
the Dirac point. We relate this effect to the so called full
spin filtering which enhances spin pumping in contrast
to other transport characteristics like conductance of the
N|F system. Interestingly, because of small induced spin
splitting in graphene, the magnetic coherence length is
quite large in contrast to metallic ferromagnets. As a re-
sult mixing transmission cannot be ignored which influ-
ences the spin pumping in hybrid N|F|N structure. Then
the spin current shows an oscillatory behavior versus the
length L with a period of dF = pi~vF /J because of quan-
tum interferences. Moreover we reveal that the spin cur-
rent pumped into two normal sides can be different and
controllable with their doping which leads to the spin
battery effect with tunable polarization and power.
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